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7.0 ANALYSIS OF ESTIMATED GROUND MOTIONS

The simulated ground motions for the “rock” (~1 km/s surface shear-velocity) portion of Jackson
Lake Dam (site JLDW) are larger than predicted by the empirical ground motion model
developed for transtensional faulting environments by Spudich et al. (1999). The most unusual
characteristic of the simulated “rock™ ground motions is that they substantially exceed predicted
soil accelerations from Spudich et al. (1999) at periods longer than 2 s. Somerville (2003)
suggested two potential causes, near-fault rupture directivity and basin effects. One concern is
that the simulation procedure, specifically the kinematic rupture model used in Section 6, may
systematically overpredict near-fault ground motions, especially at long periods. While validation
of any simulation procedure is not possible (Oreskes et al., 1994) a necessary credible condition is
that a model reproduce past experience. Modeling of near-fault strong ground motions from the
1994 M 6.7 Northridge earthquake is used in Section 7.1 to evaluate the performance and
credibility of the kinematic source model. The Northridge data represent the densest near-fault
recordings of a dip-slip earthquake and are the best data available in the absence of a well-
recorded normal-faulting earthquake. Ground motions are also synthesized in Section 7.4 using a
simplified source model to provide an alternative approach to test the sensitivity of estimated

ground motions to source model specification.

There are several possible tacts to evaluate the influence of the 3D basin velocity model on
estimated ground motions. These could include performing ground motion simulations with
alternative velocity models or completely removing the low-velocity-basin from the velocity
model to provide a frame of reference for comparison with other strong motion data. Such
approaches require considerable effort. There are recent recordings of larger magnitude (M > 4.5)
earthquakes within 150 km of Jackson Lake Dam. These ground motion recording have sufficient
signal-to-noise (S/N) to evaluate ground motion characteristics for periods extending to 5-10 s,
much longer periods than was possible with the high-frequency empirical Green’s functions in
Section 6 and Appendix D (see Table 6-1). These larger magnitude earthquake recordings directly
incorporating propagation effects associated with 3D low-velocity-basin structure. There are also
two M ~3 earthquakes located in the vicinity of the northern Teton fault segment that provide
empirical Green’s functions that allow simulation of ground motions to periods of ~3 s, although

the long-period signal-to-noise is lower than the recordings of the M > 4.5 regional earthquakes.
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The availability of broadband empirical Green’s functions affords an opportunity to construct a
second test of the kinematic source model and the ground motion simulation approach used in
Section 6 by using an entirely different simulation method to estimate ground motions at Jackson
Lake Dam using the previously tested approach of Frankel (1995). Frankel’s (1995) approach is
appealing because it uses very simple assumptions that only require specifying a small number of
parameters, it produces source properties and ground motions consistent with known constraints
(Andrews, 1980; Frankel, 1991), and it reproduced near-fault acceleration responses from the

1989 M 7.0 Loma Prieta earthquake (Frankel, 1995).

Before moving on to kinematic source model and ground motion simulation presentations, it is
reasonable to ask: Is there a precedent for the large long-period ground motions estimated in
Section 6 in strong motion observations? The 1979 M 6.5 Imperial Valley earthquake was
recorded by an array of strong motion instruments located in the vicinity of the fault rupture. The
Imperial fault and several near-fault strong motion stations are located in a sedimentary basin
(Fuis et al., 1982). In the next section, the three strong motion records from this earthquake
closest to the Imperial fault which contain large > 2 s acceleration responses are compared to

predicted ground motions at Jackson Lake Dam.

7.1 Strong Ground Motions From the 1979 M 6.5 Imperial Valley Earthquake

On 15 October 1979 a M 6.5 earthquake occurred on the Imperial fault near the United States-
Mexico border. The epicenter was located in northern Mexico and rupture proceeded north along
the Imperial and Brawley faults producing particularly strong ground shaking in the El Centro
array of accelerometers located along the northern portion of the Imperial fault (Figure 7-1). Since
the Imperial fault is located in a sedimentary trough (Fuis et al., 1982) with a low-velocity basin
structure similar to the low-velocity basin adjacent to the Teton fault, the strong motion
recordings from sites close to the Imperial fault provide a qualitative indication of near-fault

ground motion characteristics in a basin.

Fuis et al. (1982) showed that the Imperial fault is embedded in a 4-5 km deep low-velocity
sedimentary basin with P-wave velocities and velocity gradients vary similar to velocity structure

inferred for the low-velocity basin adjacent to the Teton fault in Section 4. Specifically, P-wave

Jackson Lake Dam 292

Ground Motion Evaluation



FINAL REPORT June 13, 2003

| ]
15°40' 15° 20"
L 33°00' + wsM . _
BRA 0O 2 4 6 KM
[ T S
Brawley N
+
EO1
............ N
E02
+E03
+E04
Imperial _
EO07 Holtville
+ E08
+BCR
cxo  UNITED STATES
T~ MEXICO

Figure 7-1: Map view of the Imperial Valley area from Archuleta (1984). Strong motion stations are
labeled plus symbols. The portions of the Imperial and Brawly faults with measured surface offsets
are shown by the dark line segments. Linear stippled regions show the idealized fault geometries
used in Archuleta (1984) to model strong motions. The inset of California shows the approximate
location of this map. Stations E06, E07, and EMO show strong long period responses as indicated in
Figure 7-2 to 7-10. The labeled arrows indicate the orientation of the horizontal components in strike
parallel (140°) and strike normal (230°) directions.
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velocities in Imperial Valley near the surface along the refraction profile closest to the Imperial
fault (SP-6 to SP-13) are ~2 km/s and are ~4.5 km/s at the bottom of the basin (Fuis et al., 1982).
Basement P-wave velocities are > 5.5 km/s at both Jackson Lake and Imperial Valley. The biggest
difference in the velocity structures are near the bottoms of the basins where P-wave velocities in
the low-velocity-basin adjacent to the Teton fault are about 1 km/s slower at the bottom of the
basin relative to Imperial Valley. In Imperial Valley the refraction data suggest a ~0.5-km-thick
transition zone below the sediments that increase P-wave velocities to ~5.5 km/s at the contact
with the ~6 km/s basement. The refraction data and waveform modeling of velocity structure at
Jackson Lake Dam suggest a very-large velocity discontinuity between the deepest sediments
(~3.5-4 km/s) and basement (~5.5 km/s) (see Figure 4-13). This results in a much stronger
impedance contrast at the bottom of the low-velocity basin near the Teton fault relative to
Imperial Valley. The larger impedance contrast at the base of the low-velocity basin beneath
Jackson Lake Dam suggest that > 1 s period acceleration responses are likely to be larger than
those observed from 1979 Imperial Valley earthquake due to stronger amplification and more
efficient trapping of body and surface waves. Also, long-period responses at Jackson Lake Dam
will likely have much longer durations. These differences in basin structure suggest that the
strong motion records from Imperial Valley provide a rough lower bound on expected long-period

accelerations at Jackson Lake Dam.

Stations E06, EO7, and EMO are located within 2 km of the Imperial fault (Figure 7-1) and exhibit
influences of directivity in the form of peak fault-normal velocities on the order of 100 cm/s.
These sites are also located near the axis of the deepest portion of low-velocity sedimentary basin.
While peak horizontal accelerations are not remarkable at station E06 (Figure 7-2), the peak
vertical acceleration exceeds 1.6 g. The vertical peak accelerations’s high-frequency content and
arrival time suggest that it is an S-P conversion from inside the low-velocity basin. Strong S-P
conversions are not a typical characteristic of Jackson Lake Dam JLDW ground motions. This
suggests there may be stronger interval velocity discontinuities within the Imperial Valley low-
velocity basin relative to the low-velocity basin at Jackson Lake Dam. Strong interval velocity
discontinuities in trial velocity models of the Jackson Lake Dam low-velocity basin strongly
reduced ground motion durations relative to smooth vertical-velocity-gradient models of basin

structure, as discussed in Section 4. This may explain the relatively short-duration of station E06
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Figure 7-2: El Centro Array station E06 acceleration seismograms. Vertical is labeled UP. Horizontal
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure
7-1 for station position relative to fault rupture.
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motions (Figures 7-2 to 7-3) relative to ground motions observed at Jackson Lake Dam.
Acceleration responses for periods larger than 2 s are remarkably large (> ~0.4 g) for the fault-
normal component of station E06 (Figure 7-4) and are also quite large for periods of 2 s to 3 s for
the fault-parallel component. In contrast, the vertical acceleration responses much lower at

periods larger than 2 s.

Peak horizontal accelerations at Station EQ7 (Figure 7-5) are somewhat lower than for Station E06
(Figure 7-2), but broadband frequency content of the peak fault-normal accelerations and
velocities (Figure 7-6) associated with rupture directivity are clearly evident in the 0-1 s period
band in the spectral accelerations (Figure 7-7). However, strong accelerations> 0.4 g persist
between periods of 2 s and 3s and > 0.3 g for periods > 3 s on the fault-normal component (Figure
7-7). In contrast, the > 2 s period responses on the vertical and fault-parallel horizontal

components are much lower (Figure 7-7).

Station EMO 1is located at about the halfway point along the rupture of the Imperial fault.
Consequently, rupture directivity was not as strong as at station EO06 and EO07 and peak
accelerations are lower (Figure 7-8) and peak velocities are also lower (< 100 cm/s) (Figure 7-9).
However, fault-normal accelerations for periods between 2 s and 3 s are > 0.4 g (Figure 7-10),
exceeding comparable accelerations at station EQ7 (Figure 7-7) even though rupture directivity is
weaker at station EMO. While peak accelerations and velocities vary considerably between
stations E06, E07, and EMO because of the variability of fault slip and station positions
(Archuleta, 1984), the consistently elevated > 2 s acceleration fault-normal responses at all these
stations is consistent with elevated long-period responses expected for low-velocity basins

(Somerville et al., 2003).

Strike-slip faulting is likely to produce less complex ground motions in a basin because P-SV
excitation is minimal compared to dip-slip faulting. Consequently, the Imperial Valley ground
motions do not provide a direct analog for motions in the low-velocity basin adjacent to the Teton
fault. However, the > 0.4 g > 2 s period acceleration responses observed in Imperial Valley
indicate that the large (> 0.5 g) > 2 s period acceleration responses predicted for Jackson Lake

Dam are not without precedent. Considering the more extreme impedance contrast between the
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Figure 7-3: El Centro Array station E06 velocity seismograms. Vertical is labeled UP. Horizontal
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure
7-1 for station position relative to fault rupture. The horizontal components are oriented in

approxim

ately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the

Imperial fault.
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Figure 7-4: El Centro Array station E06 pseudo-acceleration response spectra. Vertical is labeled UP.
Horizontal components are labeled by their orientation in degrees east of north (e.g., 140° and 230°).
See Figure 7-1 for station position relative to fault rupture. The horizontal components are oriented in
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the
Imperial fault.
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Figure 7-5: El Centro Array station E07 acceleration seismograms. Vertical is labeled UP. Horizontal
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure
7-1 for station position relative to fault rupture. The horizontal components are oriented in
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the
Imperial fault.
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Figure 7-7: El Centro Array station EQ7 pseudo-acceleration response spectra. Vertical is labeled UP.
Horizontal components are labeled by their orientation in degrees east of north (e.g., 140° and 230°).
See Figure 7-1 for station position relative to fault rupture. The horizontal components are oriented in
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the
Imperial fault.
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Figure 7-8: El Centro Array station EMO acceleration seismograms. Vertical is labeled UP. Horizontal
components are labeled by their orientation in degrees east of north (e.g., 0° and 270°). See Figure 7-
1 for station position relative to fault rupture.
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Figure 7-9: El Centro Array station EMO velocity seismograms. Vertical is labeled UP. Horizontal
components are labeled by their orientation in degrees east of north (e.g., 0° and 270°). See Figure 7-
1 for station position relative to fault rupture.
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Figure 7-10: El Centro Array station EMO pseudo-acceleration response spectra. Vertical is labeled
UP. Horizontal components are labeled by their orientation in degrees east of north (e.g., 0° and
270°). See Figure 7-1 for station position relative to fault rupture.

Jackson Lake Dam
Ground Motion Evaluation

304



FINAL REPORT June 13, 2003

low-velocity sediments and the basement at Jackson Lake Dam, the large (> 0.5 g) > 2-s-period
acceleration responses make physical sense, particularly with respect to the incidence angle
criteria of Somerville et al. (2003) for predicting the amplification of long-period motions in low-
velocity basin. Sections 7.4 and 7.5 use broadband site recordings of earthquakes at Jackson Lake
Dam to evaluate the likelihood of unusually large > 2-s-period acceleration responses at the dam.
To reduce ground motion uncertainties associated with ground motion synthesis approaches, the
next two sections present and evaluate two source models and ground motion simulation
approaches. First, in Section 7.2, the kinematic rupture model of Section 6 is used to simulate
near-source ground motions from the 1994 M 6.7 Northridge earthquake. A simplified ground
motion synthesis technique developed in Frankel (1995) is summarized in Section 7.3 in
preparation for its application withe broadband earthquake records to simulation ground motions
at Jackson Lake Dam from M 7. 1 earthquakes on the northern Teton fault segment in Sections

7.4 and 7.5.

7.2 Performance of the Kinematic Rupture Model

The primary purpose of the synthetic ground motion modeling in this report is to determine peak
ground motion responses, ground motion variability, and durations as a function of site position
relative to the Teton fault. To establish that the synthetic ground motion modeling approach
outlined in Section 6 (in particular, the stochastic kinematic rupture model) provides a reasonable
basis to estimate peak ground motions, synthetic Green’s function are used to calculate ground
motions at near-source sites that recorded strong ground motions from the 1994 M 6.7
Northridge, California, blind thrust earthquake using the same ground motion simulation methods

used in Section 6.

The peak ground motions at a site near a fault are strongly dependent on the orientation of the
fault relative to the site and details of the fault rupture. These differences in peak ground motions
are well illustrated using peak velocity and acceleration data from the Northridge blind thrust
earthquake (Figure 7-11). Sites located within about 5 km of the fault tip were subjected to updip
rupture directivity and typically experienced peak velocities in the 80-160 cm/s range and peak
accelerations between 500 cm/s®> and 1000 cm/s®. Sites outside this zone experienced peak

velocities of less than about 50 cm/s and accelerations generally less than 500 cm/s>.
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While the Northridge earthquake provides a nice illustration of directivity, it is important to
realize that there are significant differences between conditions at Northridge and Jackson Lake
Dam. However, for the purposes of evaluating the performance of the kinematic rupture model,

these differences are probably not important.

7.2.1 Validation Ground Motion Modeling Approach: Green’s Functions. Site-
specific ground motion recordings were used in Section 6 to simulated strong ground motions.
Here, purely theoretical Green’s functions appropriate for crustal and site conditions in the near-
fault region of the Northridge earthquake are used and it is necessary to discuss them in detail.
Bernard and Madariaga (1984) and Spudich and Frazer (1984; 1987) developed the isochrone
integration method to compute near-field seismograms for finite-fault rupture models. Isochrones
are all the positions on a fault that contribute seismic energy that arrives at a specific receiver at
the same time. The simplest way to employ the isochrone method in the near-field is to assume
that all significant seismic radiation from the fault consists of direct shear-wave arrivals. This
assumption is reasonable in the near-field, particularly for a deeply buried, blind-thrust fault that
produces dominantly near-vertical source-receiver paths. A further simplification is to use a
simple trapezoidal slip-velocity pulse. Let f(#) be the slip function, For simplicity we assumed
(1) = 5(t—tr)— Xt—t,), where t,. is rupture time, and ¢, is healing time. Then, all seismic
radiation from a fault can be described with rupture and healing isochrones. Surface ground

motions velocities, v, and accelerations, a, from rupture or healing can be calculated from

(Spudich and Frazer, 1984)

v(x, 1) = ) ® I (s- G)cdl (7-1)
»(t, x)
a(x, )= (1) ® I [cz(j_;- G) + 02@—3 - s) +Z_j (s G)}dl (7-2)
»(t, x)

where c is isochrone velocity, s is slip velocity (either rupture or healing), dq is the spatial
derivative, y(t, x) defines the isochrone, and G is a hybrid ray theory Green’s function combined
with synthetic 3D scattering functions or microearthquake ground motions recorded at the dam as

described below.
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Spudich and Frazer (1984) showed that ¢ can be eliminated from (7-1) by integrating along an
isochrone over a finite time window defined by the isochrones ¢ - df and ¢ + d¢. By limiting the
integration to frequencies lower than 10 Hz (df = 0.05 s) band-limited ground motions are
obtained making the isochrone method useful for qualitatively evaluating accelerations. This
approach was used here with a first-order approximation, where (7-1) was reduced to a point-

source summation of over the isochrone strip corresponding to the finite time window:

S
y S1 r—t
v(x,t)=f(t)-I Isr-G Lpll=t) ]y (7-3)
p de | dr
We used this approach to efficiently calculate seismograms for a large number of receiver
positions relative to a fault. For the point source integrations, the ray theory portion of G was

approximated as

S ~ F(x, &) - W(x,8)
G(x, &) = (7-4)
4n Jp@)p(EPB@PBE) *(x—8)

where x is the receiver position, & is position on the fault, F(x, &) is the source radiation term,

VNV(x, €) is the free surface amplification factor, p is density, and B is the shear-wave velocity. In
this approximation, only first shear arrivals are included in the calculation. Although ray
spreading factors are simply approximated by the inverse source-receiver distance, a 1D
approximation consistent with crustal shear-wave velocities in southern California, was used to
calculate, B(§), takeoff angles for F(x, &), and incidence angles for VNV(x, €) to incorporate
first-order geometric effects of vertically heterogeneous velocity structure which varied from
B=1.7 at the surface to f=3.5 km/s at 9 km depth (details in O’Connell, 1999a). This produced
realistic partitioning of S) velocities between vertical and horizontal components of ground

motion.

The amplitude effects of Sj transmission were approximated by computing the median vertical-
incidence amplification of a band-limited (0.5-5 Hz) S}, plane wave propagated through a 3D
heterogeneous media. A self-similar, fractal correlation model of random spatial variations of

crustal seismic velocities with an autocorrelation function, P, of the form
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n
P(k,) ~ ——— (7-5)

1+ (k.a)"

where a is the correlation distance, k. is the radial wavenumber, and n = 3 was used in a 3D elastic
finite-difference calculation to compute S transmission amplification through the top 9 km of the
crust. The free-surface was omitted since (7-4) was used to calculate free-surface amplification.
The 3D randomization of the 1D velocity model was normalized to produce a standard deviation

of 5% of B for ak, » 1 with a = 2.5 km.

O’Connell (1999a) showed that 3D scattering in the upper crust can have a significant influence
on the scaling of near-field peak ground motions. Scattering of direct Sy waves by correlated-
random crustal velocity variations tends to reduce peak horizontal velocities associated with near-
field rupture directivity by increasing the time and phase dispersion of direct S}, waves. Scattering
is included here using the 3D finite-difference approach of Graves (1996) to produce synthetic
three-component Sy scattering functions. Sy plane waves were propagated at incidence angles of
80° and azimuths of 45° and 135° relative to the strike of the steeply-dipping sedimentary rocks
through the upper 2 km of the crust using a velocity structure typical of fold-and-thrust belts
(Figure 7-12). Three-component S}, scattering functions were obtained for receiver positions
within the high-velocity portion of the velocity model as shown in Figure 7-12. The depth limit of
4 km in the 3D velocity model was dictated by the need to produce scattering functions to a
maximum frequency of 10 Hz, the horizontal dimensions necessary to sample a 2.5 km
correlation distance adequately (12 km), and the limitations of fitting a 3D elastic finite-difference

calculation into computer memory.

The 3D scattering functions were normalized so that the median peak velocity for each
component matched the median S, transmission amplifications derived above. Geometric
spreading and free-surface amplification were applied using (7-4). A 3D scattering function was
chosen at random at each integration position in the point source summation from a total of 5200

scattering functions used in the ground motion simulations.

309 Report 2003-2



June 13, 2003 FINAL REPORT

Range of receiver positions

West East

Elevation (km)

-2 -1 0 1 2
Downstream Distance (km)

1.5 2.0 2.5
S Velocity (km/s)

Figure 7-12: S-wave velocity profile from a 3D randomization of a 2D velocity model for the top 2 km
of the crust. For (7-5) n=2 and a=1 km. A 2 km thick homogeneous region is inserted at the bottom to
introduce a uniform amplitude S}, plane wave. The scattering functions for the ground motion
simulations were derived using #=3 and ¢=2.5 km to produce the 3D randomization of the 2D
velocity model. The standard deviation of the velocity randomization was set to 5% for all cases. The
extent of the region used to extract scattering functions is shown at the top.
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The scattering functions possess fairly simple waveforms (see Figures 7-13 and 7-14). The
scattering function responses are consistent with the rather simple site responses; coda durations
are relatively short, and direct S waveforms are fairly simple. Shear-wave splitting is often
observed associated with folded sedimentary rocks Consequently, kinematic time-shifting of
horizontal components was used to delay east-west polarized, direct S waves relative to north-

south components using the method described in O’Connell (1999c).

7.2.2 Kinematic Rupture Model Test: Northridge Ground Motions. The  synthetic
Green’s function from Section 7.2.1 are used to provide rock-site synthetic ground motions. A
total of 200 random rupture models were generated using the approach in Section 6.2 to simulate
strong ground motions at the six stations shown in blue in Figure 7-11. The station naming
convention follows Wald et al. (1996). The M 6.7 Northridge hypocenter was fixed at a depth of
19 km and 1.5 km from the eastern edge of the fault. Figures 7-15 to 7-20 show the rupture model
that produced the best fit to six near-fault strong motion recordings and illustrate detailed aspects

of the kinematic rupture model used in Section 6.

A large number of parameters must be specified in the kinematic rupture model. Velocity ground
motions are the direct outputs of the simulations, from which, all other quantities, such as
accelerations and response spectra, are obtained. Fractal parameterizations of effective stress
(Figure 7-15) produce slip velocity models (Figure 7-16) consistent with the dynamic rupture
modeling results of Boatwright and Andrews (1998). The rise times (Figure 7-17) are specified
using an approach similar to Herrero and Bernard (1994) which makes rise time inversely
proportional to effective stress (Figure 7-15). Let k& be spectral wavenumber and ®» be angular
frequency. Resulting fault slip models (Figure 7-18) are consistent with the k2 decay slip
behavior proposed by Somerville et al. (1999), based on analyses of slip inversions for recent
earthquakes. The synthetic slip models also have displacement spectra with a o spectral decay
consistent with Andrews (1980) and Frankel (1991). For the Jackson Lake Dam ground motion
simulations, effective stress correlation lengths were increased by 33% relative to the M 6.7
Northridge rupture simulations of this section to be consistent with the empirical relations of

Somerville et al. (1999), that indicate that asperity size increases with magnitude. Rupture
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Figure 7-13: First example of a synthetic three-component S, scattering function.Normalized velocity
waveforms on the left and Fourier velocity spectra on the right for the components as labeled.
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Figure 7-14: Another example of a synthetic three-component Sy scattering function. Normalized
velocity waveforms on the left and Fourier velocity spectra on the right for the components as

labeled.
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Figure 7-15: Effective stress distribution that produced the best-fitting Northridge ground motions.
The effective stress correlation length is 15 km. The perspective is looking down, normal to the fault
plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km spacing.
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Figure 7-16: Slip-velocity distribution that produced the best-fitting Northridge ground motions.
Produced using a effective stress correlation length of 15 km. The perspective is looking down,
normal to the fault plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km
spacing. The slip velocity increases away from the hypocenter under the influence of a modified
Kostrov time function, that is limited to a slip velocity-to-initial-slip-velocity ratio of 4. Slip velocity
also depends on rupture velocity (Figure 7-19) and rupture time (Figure 7-20).
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Figure 7-17: Rise-time distribution that produced the best-fitting Northridge ground motion . Since rise
time is inversely proportional to slip velocity (Figure 7-16), it is dependent on effective stress (Figure
7-15) and rupture time (Figure 7-20). The perspective is looking down, normal to the fault plane. The
hypocenter is the white circle. The fault is discretized using a 0.2 km spacing. The healing of the fault
boundaries tapers rise times toward zero at the boundaries, resulting in a tapering of slip toward the
boundaries as well (Figure 7-18). In the interior of the fault, rise time strongly inversely correlates
with slip velocity (Figure 7-16).

Jackson Lake Dam 316
Ground Motion Evaluation



FINAL REPORT June 13, 2003

Slip (m)
0.085 0.666 1.247
SE

‘ 6

| 8

| :
e
2
= |
2
g | 128
& 2
=3 ‘ =
3 | 8,
g )
3 a
o
8 | 14
[=)
o
)

| i

‘ 18

| 20

0 5 10 15

Strike distance (km)

Figure 7-18: Slip distribution that produced the best-fitting Northridge ground motion. Slip is
proportional to slip velocity (figure 7-16) and rise time (Figure 7-17), which produces a dependence
on effective stress (Figure 7-15), rupture velocity (Figure 7-19), and rupture time (Figure 7-20). The
healing of the fault boundaries tapers rise times toward zero at the boundaries (Figure 7-17) resulting
in a tapering of slip toward the boundaries as well. In the interior of the fault, rise time strongly
inversely correlates with slip velocity (Figure 7-16). Thus, long rise times combined with low slip
velocities, or short rise times with high slip velocities, produce relatively uniform slip in the fault’s
interior.
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velocities were allowed to vary over a wide range (between 0.6*f to 1.05*f, see Figure 7-19) to
allow rupture directivity caustics to develop, and to produce variable rupture times (Figure 7-20).
A large number of assumptions and choices must be made to specify an earthquake rupture
models. Some of the interdependencies between different rupture parameters are discussed in the

captions of Figures 7-15 to 7-20.

A scale factor of 1.5 was used for the five stiff soil sites since hard-rock site-specific stochastic
3D Green’s functions were used at all sites, consistent with the results of Field et al. (1997). The
scale factor for the Paicoma Dam (PDM) record was set to one since it’s foundation shear-wave
velocities of ~2 km/s correspond to a hard rock site. The rupture model that produced the best-
fitting synthetic peak azimuth oriented velocity and acceleration horizontal ground motions
(Figures 7-21 to 7-26) and response spectra (Figure 7-27) fit the observed data about as well as
O’Connell (1999a; 1999c). The stochastic kinematic rupture model and synthetic Green’s
function reproduce the Northridge near-source strong motion data as well as the deterministic

kinematic rupture model of O’Connell (1999a; 1999c¢).

The region of low rupture velocity west of the hypocenter in Figure 7-19 is required to reproduce
the observed delays between the initial shear waves from the hypocentral region and the largest
amplitude shear waves that generally occur several seconds later (Figure 7-23 to 7-25). Hartzell et
al. (1996) also find a region of relatively low rupture velocity west of the hypocenter in their
inversion for slip, rupture velocity, and rake associated with the Northridge earthquake. This
region of low rupture velocities is the only deterministic aspect of the Northridge rupture model.
All other portions of the model where generated using stochastic methods intrinsic to the

kinematic rupture model of Section 6.

The slip model (Figure 7-18) is similar estimated slip from Wald et al. (1996). Hartzell et al.
(1996) estimate a greater proportion of slip near the hypocenter. The stochastic rupture slip-
velocity model has largest slip-velocities below 14 km depth (Figure 7-16), but the longest rise
times are at shallower depths (Figure 7-17) which results in the largest slips occurring at in the top
portion of the rupture (Figure 7-18). It may be possible to reconcile the contrasting slip estimates

of Wald et al. (1996) and Hartzell et al. (1996), if the Wald et al. (1996) results are more sensitive
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Figure 7-19: Fractional-rupture-velocity distribution that produced the best-fitting Northridge ground
motion. Slip velocity (Figure 7-16) is dependent on (V,/V). The perspective is looking down,
normal to the fault plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km
spacing. A correlation length of 5 km is used to generate the fractal rupture velocity variations. The
slip-velocity distribution is produced by effective stresses with 15 km correlation lengths combined
with (V,/V,) variations produced using 5 km correlation lengths. Thus, the correlation length of slip
velocity is intermediate between these two values.
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Figure 7-20: Rupture time distribution that produced the best-fitting Northridge ground motion. The 2D
eikonal travel-time approach of O’Connell (1999c¢) is used with V,/V, from Figure 7-19 to estimate
rupture time. The perspective is looking down, normal to the fault plane. The hypocenter is the white
circle. The fault is discretized using a 0.2 km spacing. Without manually inserting regions of
systematic rupture as was done for the Northridge simulations here, this approach does not allow for
discontinuous rupture velocities that have been inferred for several earthquakes, including the 1984
M 6.2 Morgan Hill earthquake (Beroza and Spudich, 1988) and the 1992 M 7.1 Petrolia earthquake
(Oglesby and Archuleta, 1997).
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Figure 7-21: Observed and simulated peak horizontal component velocities and accelerations as labeled
for station RSS (Rinaldi). Figure 7-11 provides station position.
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Figure 7-22: Observed and simulated peak horizontal component velocities and accelerations as
labeled for station SYL (Sylmar). Figure 7-11 provides station position.
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Figure 7-23: Observed and simulated peak horizontal component velocities and accelerations as
labeled for station NHL (Newhall). Figure 7-11 provides station position.
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Figure 7-24: Observed and simulated peak horizontal component velocities and accelerations as
labeled for station U56. Figure 7-11 provides station position.
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Figure 7-25: Observed and simulated peak horizontal component velocities and accelerations as
labeled for station PARD. Figure 7-11 provides station position.
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Figure 7-26: Observed and simulated peak horizontal component velocities and accelerations as
labeled for station PDM (Pacoima Dam downstream station). Figure 7-11provides station position.
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Figure 7-27: Observed and best-fitting Northridge horizontal PSA response spectra. Observed spectra
are thick curves and best-fitting synthetic spectra are thin curves. Stations are as labeled.
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to total slip, because they include geodetic data, and Hartzell et al. (1996) are more sensitive to
slip velocity because they only use strong motion data. Since Hartzell et al. (1996) used an L2
norm their inversion may only weakly constrain rise times because the inversion strongly
emphasizes fitting the largest amplitudes. Interestingly, Hartzell et al.’s (1996) inversions for
high-frequency radiation intensity are very similar to the slip-velocity patterns in Figure 7-16,
with the highest intensities confined to depths > 14 km. Thus, it may be possible that the
stochastic Northridge rupture model is compatible with both Wald et al. (1996) and Hartzell et al.
(1996). Resolution of these issues would require extensive resolution-trade-off analyses of the

various rupture inversion approaches.

The fractional rupture velocities suggest that